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SulﬁdeAbstract The stability of Cu–Al–5Ni ternary alloy used in the manufacture of NaCl and Na2SO4
from the Lake Qaroun in Egypt was investigated in 3.5% NaCl in the presence of sulﬁde ions. The
electrochemical reactions of Cu–Al–5Ni electrode in the test solutions were studied using electro-
chemical impedance spectroscopy measurements. In addition surface examination and morpholog-
ical studies were applied using scanning electron microscopy (SEM) and energy dispersive analysis
of X-rays (EDAX). The results of impedance measurements at open circuit potential have shown
that the overall impedance of the system decreases with the increase in sulﬁde ion concentration
and increases with immersion time due to continuous growth of the passive ﬁlm on the alloy
surface. The EDAX analysis showed the presence of copper, aluminum and nickel compounds,
Cu-oxides, Cu-chlorides and Cu2S on the alloy surface.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.1. Introduction
Copper and its alloys are highly corrosion resistant in chloride
medium. This is why these materials are widely employed in
industrial applications such as heat exchangers and electronic
devices. The good corrosion resistance of these materials is
due to two reasons. Firstly, in acidic medium, the standard
potential of Cu|Cu (I) is more positive than the hydrogen
evolution potential. The spontaneous corrosion potential ofcopper will therefore locate in the immunity region in the
absence of dissolved oxygen [1]. Secondly, in neutral medium,
a uniform and an adherent ﬁlm formed at the metal surface by
corrosion products acts as a barrier layer against the aggressive
medium. In spite of this self-protective effect, copper and
copper alloys might get damaged in different situations. For
instance, in chloride medium, the corrosion properties of
copper are markedly modiﬁed by the formation of copper–
chloride complexes [2]. Deslouis et al. concluded that in 3%
NaCl medium the corrosion current density is depending on
the chloride concentration, potential and rotation speed of
the electrode [3]. The presence of certain pollutants, such as
sulﬁdes or ammonia in the seawater may jeopardize cooling
systems. In previous researches [4], the corrosion product
formed on a copper surface in NaCl containing S2 solution
was studied. A single-layered compact Cu2S ﬁlm, whose
growth kinetics appeared to obey a parabolic law over an
exposure period up to 1700 h. was formed once the compact
ﬁlm is established, its growth process is mainly controlled by
Table 1 Mass spectrometric analysis of the Cu–Al–5Ni alloy.
Cu Al Ni Zn Mn Sn Fe Si Mg
81.16 11.15 4.98 0.11 0.02 0.14 2.22 0.21 0.01
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Figure 1 Bode plots of Cu–Al–5Ni alloy after 1 h of immersion
in 3.5% NaCl solutions containing different sulﬁde ion concen-
trations at 25 C.
164 N.H. El-Sayed, M.M. El-RabieiCu+ diffusion in the ﬁlm. However, the results of Smith et al.
[5,6] showed that the properties of the sulﬁde ﬁlm formed on
copper depend on the solution concentrations of both sulﬁde
and chloride.
The good corrosion resistance of the Cu–Al–5Ni alloys in
neutral solutions is due to the presence of a protective layer
of alumina, which builds up quickly on the surface post-
exposure to the corrosive environment and the passivation
process is based on the fact that aluminum has a greater afﬁn-
ity toward oxygen than copper and also on the considerable
stability of Al2O3 than Cu2O in neutral solutions [7–9]. The
essential role of Ni in the passivation of Cu–Ni alloys has been
attributed to its incorporation into the Cu (I) oxide which is
formed as corrosion product [10]. The incorporation of nickel
ions reduces the number of cation vacancies that normally
exist in Cu (I) oxide [11]. The tremendous application of cop-
per/nickel alloys in different industries, where chloride con-
taining water is always used, makes the understanding of the
electrochemical behavior of these alloys in the presence of
chloride ions and the control of the corrosion process impor-
tant subjects worthy of intensive investigations. In this paper
we are aiming at the understanding of the effect of sulﬁde ions
as a pollutant in the stability of the Cu–Al–5Ni ternary alloys
in 3.5% chloride solution.
2. Experimental details
The working electrodes were made from commercial grade
Cu–Al–5Ni rod, mounted into glass tubes by two-component
epoxy resin leaving a surface area of 0.2 cm2 to contact the
solution The alloy was prepared in our metallurgical institute
and the mass spectrometric analysis of the electrode used is
presented in Table 1. The electrochemical cell was a three-
electrode all-glass cell, with a platinum counter electrode and
saturated calomel, SCE, reference electrode. Before each
experiment, the working electrode was polished mechanically
using successive grades emery papers down to 2000 grit. The
electrode was washed thoroughly with distilled water, and
transferred quickly to the cell. The electrochemical measure-
ments were carried out in a stagnant, naturally aerated 3.5%
chloride solution containing different concentrations of sulﬁde
ions. The electrochemical impedance spectroscopic investiga-
tions, EIS, were performed using a Voltalab PGZ 100
‘‘All-in-one’’ potentiostat/galvanostat. The potentials were
measured against and referred to the standard potential of
the SCE (0.245 V vs. the standard hydrogen electrode, SHE).
The total impedance, Z, and phase shift, h, were recorded in
the frequency domain 105–0.1 Hz. The superimposed ac-signal
was 10 mV peak to peak amplitude. The surface morphology
and the constituent elements of the passive ﬁlm were investi-
gated by SEM/EDAX (model ISPECT S 2006, FEI Company,
Holland). Each experiment was carried out at least twice.
3. Results and discussion
3.1. Electrochemical impedance spectroscopy, EIS
EIS has been successfully applied to the study of corrosion
systems for 30 years and has been proven to be a powerful
and accurate method for measuring corrosion rates especially
for coatings and thin ﬁlms. An important advantage of EISover other laboratory techniques is the possibility of using very
small amplitude signals without signiﬁcantly disturbing the
properties being measured. The expression for impedance is
composed of a real and an imaginary part. If the real part is
plotted on the z-axis and the imaginary part on the y-axis of
a chart, we get a ‘‘Nyquist plot’’. However, Nyquist plots have
one major shortcoming. When you look at any data point on
the plot, you cannot tell what frequency was used to record
that point. Therefore, other impedance plots such as Bode
plots are important to make a correct interpretation. In Bode
plots, the impedance is plotted with log frequency on the x-axis
and both the absolute value of the impedance and phase-shift
on the y-axis. Unlike the Nyquist plot, the Bode plot explicitly
shows frequency information. The impedance measurement
technique has been applied to the study of pitting corrosion
and other localized corrosion [12–15]. The impedance tech-
nique has marked advantages in the study of interfacial reac-
tions and other interfacial phenomena. The impedance
information obtained has time-resolved and surface character-
istics [15]. In this work, the corrosion behavior of Cu–Al–5Ni
alloy, immersed in 3.5% NaCl solution containing different
sulﬁde concentrations was investigated.
Bode plots (Fig. 1) showed that the surface resistance of the
Cu–Al–5Ni alloy generally decreased by increasing the sulﬁde
ratio (2, 5 and 10 ppm of S2 in 3.5% NaCl, respectively). The
samples showed dramatic decrease in the impedance in the
capacitive region, which is characteristic for the pitting process
on alloy. In addition, the phase angle (h) tends toward the low
frequencies, indicating that the resistance of the barrier layer
was being approached. The changes of the spectra at very
low frequencies indicate the occurrence of pitting and were
in agreement with visual and SEM inspections. On the other
hand, the samples tested in pure NaCl solution, without sulﬁde
(blank), showed very stable impedance behavior, indicating
that the presence of sulﬁde ions in the solution negatively
affects the protection performance of the passive oxide ﬁlms.
Figure 2 Equivalent circuit model used in the impedance data
ﬁtting. Where Rs = solution resistance, Rct = charge-transfer
resistance, Cdl = double layer capacitance, Rpf = passive ﬁlm
resistance, and Cpf = passive ﬁlm capacitance.
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tective Cu oxide layer to form less protective layers of Cu oxide
plus ion sulﬁde.
The development of more than one time constant is
deduced from the inspection of the spectra, which reﬂects the
diversity of the phenomena, which occurs in the system under
investigation. The equivalent circuit proposed to ﬁt the
experimental data is shown in Fig. 2. It consists of electrolytic
solution resistance Rs connected with two time constants. The
model is based on the circuits mostly used in the literature for
simulation of the kinetics of alloy corrosion process and the
protective properties of surface corrosion product layer [16–
19].
The Bode plots of the alloy show two phase maxima, which
indicate the presence of two time constants representing the
electrode processes. The impedance data were analyzed using
the Volta Master 4 software provided with the impedance sys-
tem where the dispersion formula was used. For a simple
equivalent circuit model consisting of a parallel combination
of a capacitor, Cdl, and a resistor, Rct, in series with a resistor,
Rs, representing the solution resistance, the electrode imped-
ance, Z, is represented by the mathematical formulation:
Z ¼ Rs þ Rpf1þ ð2pfRpCdlÞag
 
where a denotes an empirical parameter (0 6 a 6 1) and f is the
frequency in Hz [20,21]. To account for the presence of a passive
ﬁlm, the impedance data were analyzed using the equivalent cir-
cuit model shown in Fig. 2 where another combination RpfCpf
representing the passive ﬁlm resistance,Rpf, and the passive ﬁlm
capacitance, Cpf, was introduced. The calculated equivalent cir-
cuit parameters for the alloy at different concentrations of sul-
ﬁde ions are presented in Table 2. The time constant at the high
frequencies is originated from theRctCdl combination while that
at low frequencies is due to theRpfCpf combination. The passive
ﬁlm resistance,Rpf, decreased with increasing sulﬁde concentra-
tions. The ﬁlm resistance of Cu–Al–5Ni alloy in pure 3.5%Table 2 Equivalent circuit parameters for the Cu–Al–5Ni in 3.5%
25 C.
Con. of S2/ppm Rs/X Rct/X cm
2 Cdl/lF cm

0 5.6 830 112.1
2 3.8 796 99.9
5 3.3 335.2 94.9
10 3.6 298.6 86.8NaCl solution (Blank) is 1390 X cm2. The resistance decreased
to 853, 380, and 309 X cm2 after the addition of 2, 5, and
10 ppm Na2S, respectively.
As shown in Fig. 1 the addition of sulﬁde at a concentration
as low as 2 ppm is sufﬁcient to modify signiﬁcantly the corro-
sion behaviors of Cu–Al–5Ni alloy in 3.5% NaCl solution.
The results presented in the following parts concern essentially
this low pollution level. Fig. 3 presents the evolution of imped-
ance spectra in 3.5% NaCl in which 2 ppm of sulﬁde was
added. The impedance data were recorded after different time
intervals of electrode immersion in the test solution. The calcu-
lated values of the equivalent circuit parameters of these mea-
surements are summarized in Table 3. The phase angle of bode
plot changes with the time of alloy immersion in the solution.
The value of the phase angle especially that occurs at lower fre-
quencies increases with the increase in the immersion time.
This indicates a decrease in the corrosion rate which is reﬂected
on the increase in the ﬁlm resistance, Rpf (cf. Table 3). Accord-
ing to Ostland and Alexander [22], the half-life time of sulﬁde
at the concentration of 3.8 ppm in seawater saturated by air
was 20 min. The increase in Rpf may be explained partly by
the exhausting of sulﬁde ions, and partly by the formation of
copper sulﬁde which protects copper against the corrosion.
With accumulation of corrosion products, the surface rough-
ness increased leading to a higher Cf value. It is remarkable
to see from the Nyquist plot (Fig. 4) that the diameters of semi-
circles for the Cu–Al–5Ni alloy increase with the exposure
time, which suggests an increase in the charge transfer resis-
tance or the oxide ﬁlm resistance with time.
The corrosion and passivation behavior of the Cu–Al–5Ni
alloy can be explained on the basis of the data reported on Cu
and those of cast nickel–aluminum bronze [7,23,24]. The major
anodic process is the copper dissolution according to the fol-
lowing equation.
Cuþ 2Cl ! CuCl2 þ e ð1Þ
The cathodic process is actually the oxygen reduction
according to:
O2 þ 2H2Oþ 4e ! 4OH ð2Þ
It was suggested that the presence of CuCl2
 at the metal
surface leads to a hydrolysis reaction and the formation of
Cu2O [3] according to:
2CuCl2 þH2O! Cu2Oþ 4Cl þ 2Hþ ð3Þ
In the ternary Al containing alloys an additional passiv-
ation process is taking place in neutral solutions in which a
layer of Al-oxide is formed as a result of the surface dissolution
of Al according to:
Alþ 4Cl ! AlCl4 þ e ð4Þ
2AlCl4 þ 3H2O! Al2O3 þ 6Hþ þ 8Cl ð5ÞNaCl solution containing different concentrations of sulﬁde at
2 a1 Rf/X cm
2 Cf/lF cm
2 a2
0.99 1390 456.8 1.0
0.96 853.1 466.4 1.0
1.0 380.5 264.2 1.0
0.99 309.1 411.9 1.0
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Figure 3 Bode plots of Cu–Al–5Ni alloy after different times of
immersion in stagnant naturally aerated 3.5% NaCl + 2 ppm S2
solution at 25 C.
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Figure 4 Nyquist plots of Cu–Al–5Ni alloy after different times
of immersion in stagnant naturally aerated 3.5% NaCl + 2 ppm
S2 solution at 25 C.
Figure 5 SEM micrograph of polished Cu–Al–5Ni alloy before
immersion in the test solution.
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alloys is essentially due to the presence of a protective layer of
duplex nature containing both Cu2O and Al2O3 [25]. The inner
layer is an Al-rich barrier layer which is impermeable to Cu (I)
cations preventing the dissolution of Cu from the alloy surface.
The outer layer is a porous Cu-rich consisting mainly of Cu2O
passive ﬁlm [26,27]. This result was conﬁrmed by EDAX, where
the surface shows higher concentration of Cu and also lower
concentration of Ni due to Ni diffusion in the inner barrier
layer. Al is involved in the compact inner layer and its concen-
tration on the surface is slightly lower than the bulk. The duplex
barrier layer inhibits the ionic transport and hence an increased
corrosion resistance can be recorded. Nickel ions are incorpo-
rated into the crystal lattice of Cu2O, as already reported by
several authors [28,29] and the number of cation vacancies
decreases with increasing nickel content [11]. Ni from the alloy
segregates into the Cu2O barrier layer via a solid state reaction
and Ni2+ interacts with mobile cation vacancies which leads to
a decrease in the ionic conductivity and increase in the elec-
tronic conductivity of the barrier ﬁlm and the corrosion resis-
tance thus increased [30].
In sulﬁde containing solutions the sulfur may hydrogenate
to give HS as follows [31–33];
S2 þH2O$ HS þOH ð6Þ
HS will combine with metallic copper to form an adsorbed
precursor of oxidation reaction:
CuþHS ! CuðHSÞads ð7Þ
Then, the anodic dissolution of copper may take place:
CuðHSÞ ! CuðHSÞ þ e ð8ÞTable 3 Equivalent circuit parameters for the Cu–Al–5Ni in 3.5%
Time/min. Rs/X Rct/X cm
2 Cdl/lF cm
2
30 3.5 423 75.1
60 3.8 796 99.9
90 8.7 1129 112.7
120 5.1 1302 97.7
180 6.4 1563 64.3Followed by the dissociation and the recombination
processes:
CuðHSÞ ! Cuþ þHS ð9Þ
2Cuþ þHS þOH ! Cu2SþH2O ð10Þ
The overall reaction is therefore:
4Cuþ 2S2 þO2 þ 2H2O$ 2Cu2Sþ 4OH ð11ÞNaCl solution containing 2 ppm of sulﬁde ion at 25 C.
a1 Rf/X cm
2 Cf/lF cm
2 a2
0.99 433.4 367.1 1.0
0.96 853.1 466.4 1.0
1.0 1148 554.4 1.0
0.99 1321 602.1 1.0
1.0 1644 774.1 1.0
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formed (cf. Eq. (3)). However, the presence of Cu2S prevents
dramatically the protective effectiveness of Cu2O ﬁlm, so the
resistance of the passive ﬁlm decreases by increasing the sulﬁde
ion concentration.
Under conditions of low (SH) and high (Cl), the forma-
tion of the soluble chloride complex, CuCl2
, by reaction with
the surface intermediate, Cu(SH)ads, could compete with the
ﬁlm formation reaction [22]. While this would not be expected
to cause signiﬁcant dissolution of copper. Dissolution as CuCl2-
 via reaction (12), when (SH) is low at the Cu alloy surface,
could lead to the transport of Cu+ through pores to the Cu2S/
solution interface, where (SH) would be higher, and Cu2S
formation would occur via reaction (13). At the ﬁlm/electrolyte
interface, reaction (13) would dominate:
CuðHSÞads þ 2Cl ! CuCl2 þHS ð12Þ
2CuCl2 þHS ! Cu2Sþ 4Cl þHþ ð13Þ
Such a transport-deposition process would account for the
ﬁne particles, which nucleate and grow on the alloy surfaces at
short times.
3.2. Surface examinations
The surface morphology of the Cu–Al–5Ni alloy before and
after 5 h immersion in stagnant naturally aerated 3.5% NaCl
solution was investigated by SEM. The surface of theFigure 6 (a) Scanning electron micrographs of Cu–Al–5Ni
alloys after 5 h immersion in naturally aerated 3.5% NaCl
solution at 25 C. (b) EDAX analysis of the Cu–Al–5Ni alloys
after 5 h immersion in naturally aerated neutral 3.5% NaCl
solution at 25 C.Cu–Al–5Ni was subjected to EDAX analysis to record the dif-
ferent constituents of the barrier layer. Figs. 5 and 6 show a
typical SE micrograph of the polished alloy and after immer-
sion in 3.5% NaCl, where the corrosion sites are clearly
observed. The EDAX analysis of the alloy after 5 h immersion
in 3.5% NaCl showed that corrosion products at the surface of
Cu–Al–5Ni alloy were: 2.5% oxygen, 83.35% copper, 9% alu-
minum, 3.75% nickel and 2% chlorine (wt%). It is likely that
the corrosion products consist mainly of copper chloride andFigure 7 (a and b) Scanning electron micrographs of Cu–Al–5Ni
alloy after 5 h immersion in naturally aerated 3.5%
NaCl + 2 ppm S2 solution at 25 C. (c) EDAX analysis of the
Cu–Al–5Ni alloy after 5 h immersion in naturally aerated 3.5%
NaCl + 2 ppm S2 solution at 25 C.
168 N.H. El-Sayed, M.M. El-Rabieicopper oxide, along with aluminum oxide and nickel incorpo-
rated in these copper oxide/chloride surface layers [19,34]. It
seems that the upper layer of corrosion products consists
mainly of aluminum and nickel oxides and probably aluminum
hydroxides and oxychloride complexes, while the inner layer
also contains copper, probably in the form of chloride or
oxide. In their corrosion research of Cu–Al–Ag alloy in NaCl
solution, Benedetti et al. [34] have found that the exposure of
electrodes to positive potentials leads to the formation of a
surface layer of hydrated aluminum oxide/hydroxide which
completely covers the CuCl layer and this could explain the
lack of copper in the upper layer of corrosion products. The
corrosion product formed after immersing the Cu–Al–5Ni
alloy in 3.5% NaCl + 2 ppm S2 solution was investigated
by SEM and EDAX and is shown in Fig. 7. The layer of
CuS is clear. SEM micrographs (Fig. 7), of electrode showed
severe pitting as well as crevice corrosion. Generally, copper
sulﬁde and copper oxide (CuO) were detected in the surface
layers of alloy. Microprobe analysis using EDAX (Fig. 7c),
revealed the constituent elements of the alloy itself beside the
Cl and S elements. This means that Cu2S, and CuCl2
 present
in the corrosion product.
4. Conclusion
The effect of sulﬁde on the corrosion of Cu–Al–5Ni alloy in
3.5% sodium chloride medium was examined by EIS measure-
ments. The corrosion resistance of the Cu–Al–5Ni alloy in
3.5% NaCl solutions decreases with the increase of the sulﬁde
ion concentration. Prolonged immersion of the alloy in the
solution passivates its surface due to the formation of an
adherent barrier layer of duplex nature. Microstructures after
corrosion demonstrated the occurrence of corrosion products
at the surface of Cu–Al–5Ni alloy. The EDAX analyses
revealed the presence of copper, aluminum and nickel oxides,
chlorides and sulﬁde on the alloy surface.
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